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ABSTRACT: Although never emphasized and increasingly used in
organic electronics, PEDOT-PSS (poly(3,4-ethylenedioxythiophene)-
poly(styrene sulfonate)) layer-by-layer (lbl) ﬁlm construction violates
the alternation of polyanion and polycation rule stated as a prerequisit
for a step-by-step ﬁlm buildup. To demonstrate that this alternation is
not always necessary, we studied the step-by-step construction of ﬁlms
using a single solution containing polycation/polyanion complexes. We
investigated four diﬀerent systems: PEDOT-PSS, bPEI-PSS (branched
poly(ethylene imine)-poly(sodium 4-styrene sulfonate)), PDADMA-PSS
(poly(diallyl dimethyl ammonium)-PSS), and PAH-PSS (poly-
(allylamine hydrochloride)-PSS). The ﬁlm buildup obtained by spin-coating or dipping-and-drying process was monitored by
ellipsometry, UV−vis-NIR spectrophotometry, and quartz-crystal microbalance. The surface morphology of the ﬁlms was
characterized by atomic force microscopy in tapping mode. After an initial transient regime, the diﬀerent ﬁlms have a linear
buildup with the number of deposition steps. It appears that, when the particles composed of polyanion-polycation complex and
complex aggregates in solution are more or less liquid (case of PEDOT-PSS and bPEI-PSS), our method leads to smooth ﬁlms
(roughness on the order of 1−2 nm). On the other hand, when these complexes are more or less solid particles (case of
PDADMA-PSS and PAH-PSS), the resulting ﬁlms are much rougher (typically 10 nm). Polycation/polyanion molar ratios in
monomer unit of the liquid, rinsing, and drying steps are key parameters governing the ﬁlm buildup process with an optimal
polycation/polyanion molar ratio leading to the fastest ﬁlm growth. This new and general lbl method, designated as 2-in-1
method, allows obtaining regular and controlled ﬁlm buildup with a single liquid containing polyelectrolyte complexes and opens
a new route for surface functionalization with polyelectrolytes.
■ INTRODUCTION
Among diﬀerent surface functionalization methods, the layer-
by-layer (lbl) method, introduced independently by Iler and
Kirkland in 1965−1966,1,2 was extended to polyelectrolyte
multilayers by Decher in the 1990s.3 This method has become
one of the most versatile and popular tools for surface
functionalization,4 enabling covering surfaces of all types and
shapes with ﬁlms of well-deﬁned composition and tailored
thicknesses.
Polyelectrolyte multilayers result from the alternate deposi-
tion of polyanions and polycations onto a substrate.3 The
versatility of the lbl method lies in the large variety of the
compounds that can be deposited: polyelectrolytes,3 proteins,5
polysaccharides,6 clays,7 and more generally inorganic nano-
particles,8,9 and recently polyelectrolyte complexes.10−20 Thus,
depending on the pursued aim, surfaces with well-deﬁned
properties can be obtained: conductive surfaces by using
multilayers containing for example PEDOT-PSS (poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate)21−34 (Table
1), anti-inﬂammatory ones by using suitable peptides35 or
mechanically responsive ones by using polyelectrolytes
depositing on silicon36 to mention only some striking examples.
It is well-accepted that polyelectrolyte multilayer buildup
processes require the alternation of a positive and negative
excess charge (charge overcompensation) after each deposition
step. Cohesion of polyelectrolyte multilayers is thus essentially
based on electrostatic interactions even if other types of
intermolecular forces can also come into play.37 Yet, at least
one of the deposited species must be of polymeric nature. On
one hand, the bond multiplicity accounts for the enthalpic
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stability of the obtained multilayered structures. On the other
hand, the entropic stability is rooted in the structural disorder
increase coming from the release after multilayer construction
of most of the counterions initially bound to the deposited
polyelectrolytes.38
If the alternate lbl method oﬀers plenty of surface
functionalization possibilities, it is not devoid, however, of
drawbacks inherent in its very nature. For example, if one has
decided to deposit a species chosen for a speciﬁc property, a
complementary species has to be assigned to it, and most often,
this association dilutes this desired property. This is typically
what happened for electrically conducting multilayer ﬁlms in
which the globally negative PEDOT-PSS was associated with a
generally nonconducting polycation21−34 to satisfy to the
charge alternation rule. Yet, this generally takes place at the
expense of the conductivity, due to the adjunction of a
nonconductive polycation.24−26 PEDOT-PSS is an interesting
example, since it is a zwitterionic yet globally negatively charged
compound widely used in photovoltaics, OLEDs (organic light-
emitting diods), or photodiods. Surprisingly, it was also
reported that such devices can be obtained from aqueous
suspensions of the negatively charged PEDOT-PSS deposited
step-by-step on the ﬁt substrate by spin-coating,39−41 inkjet
printing,42−44 or spraying45 processes without any alternation
with a positively charged species. This thus seems to violate the
alternation rule that has been postulated as a prerequisite for
ﬁlm buildup by the multilayer community. This aspect, as well
as the required conditions for such a buildup, have, however,
not been addressed and not even mentioned in those papers.
This observation raises the question of the necessity of a charge
alternation in the step-by-step ﬁlm buildup based on electro-
static interactions. In other words, could a new lbl method,
designated as 2-in-1 method, be invented which would implicate
the deposition of a single zwitterionic species or a polyanion/
polycation complex liquid? This new 2-in-1 method would oﬀer
the advantages of the alternate lbl methodnow qualiﬁed as
traditionalbut at the same time, it would overcome the
traditional one’s limits, mainly the necessary charge alternation.
To answer these questions, we ﬁrst went back to the
PEDOT-PSS example to conﬁrm and extend some of the
results mentioned in the organic electronics literature. Then, we
generalized these observations with bPEI-PSS (branched
poly(ethyleneimine)-poly(sodium 4-styrenesulfonate)),
PDADMA-PSS (poly(diallyldimethylammonium)-PSS), and
PAH-PSS (poly(allylaminehydrochloride)-PSS) complexes to
demonstrate the general feasibility of the 2-in-1 method. These
complexes were chosen because these polyelectrolytes belong
to the most employed ones in traditional alternate lbl method.
The ﬁlm construction was followed by ellipsometry, UV−vis-
NIR spectrophotometry, and QCM (quartz crystal micro-
balance). The obtained 2-in-1 ﬁlms were also characterized by
atomic force microscopy in tapping-mode (AFM).
■ EXPERIMENTAL SECTION
Materials. Poly(3,4-ethylenedioxythiophene)-poly(styrene sulfo-
nate) (PEDOT-PSS) 1.3 wt % dispersion in H2O (conductive
grade), poly(sodium 4-styrene sulfonate) (PSS) (Mw ∼70 000
g·mol−1), branched poly(ethylene imine) (bPEI) solution (Mw
∼ 7 5 0 0 0 0 g ·mo l − 1 ; 5 0 % ( w / v ) i n H 2O ) , p o l y -
(diallyldimethylammonium chloride) (PDADMA) solution (Mw
∼100 000−200 000 g·mol−1; 20 wt % in H2O), and poly(allylamine
hydrochloride) (PAH) (Mw ∼56 000 g·mol−1) were purchased from
Aldrich. All the products were used as received. The formulas of the
diﬀerent products are shown in Table 1. Water puriﬁed via reverse
osmosis (Millipore Elix system, min. 5 MΩ.cm, max. 15 MΩ.cm) was
the solvent used for all except QCM experiments. For the QCM
experiments, Milli-Q water (Milli-Q Plus system, Millipore, Billerica,
MA) was used. Phosphorus n-doped [100] oriented silicon wafers
were obtained from Mat Technology (Morangis, France). Quartz
slides were bought from Hellma (Paris, France). Gold-coated QCM
(quartz crystal microbalance) sensors from Q-Sense AB (Gothenburg,
Sweden) were used for QCM experiments.
Preparation of Substrates. Two kinds of substrates were used,
silicon wafers and quartz slides. Silicon-oxide-on-silicon substrates
were prepared by cutting silicon wafers to approximately 5 mm × 10
mm pieces, rinsing them with cyclohexane and drying them under a
nitrogen stream. This cleaning was suﬃcient because of the buﬀering
role of the precursor layers (see below) directly deposited on the
substrate. Quartz slides were rinsed with water and ethanol and dried
under a nitrogen stream.
Preparation of Spin-Coated Films. A TP6000 with CT60
controller (Karl Suss, Saint Jeoire, France) spin-coater was used for the
preparation of the spin-coated ﬁlms.
(bPEI-al-PSS)2 Precursor Layers. If necessary (see below), under-
lying precursor layers built by alternate depositions of bPEI and PSS
aqueous solutions were applied onto the silicon or quartz substrate.
Therefore, a 0.6 mg/mL ultrasonicated aqueous solution of the
positively charged bPEI (pKa = 8.2−8.346) was manually spread over
the whole surface of the negatively charged substrate and immediately
spin-coated during 30 s at 5000 rpm, with an initial acceleration of
5000 rpm/s. A 0.7 mg/mL solution of the negatively charged PSS (pKa
= 147) was then deposited in the same manner, without any
intermediate rinsing or further drying. The whole procedure was
repeated to obtain precursor layers designated as (bPEI-al-PSS)2, “al”
meaning that the two substances, bPEI and PSS, were alternatively
deposited. In other words, (bPEI-al-PSS)2 represents a system where
bPEI, PSS, bPEI, and ﬁnally PSS were successively deposited.
(bPEI-al-PSS)2 (PEDOT-cx-PSS)n System. A 0.25 wt % PEDOT-PSS
dispersion, obtained by diluting the commercial one, was spread over
the whole surface of a (bPEI-al-PSS)2 covered substrate and spin-
coated in the same manner as for the precursor layers. The process was
repeated n times to reach a system designated as (PEDOT-cx-PSS)n:
“cx” meaning that the PEDOT-PSS complex between the two
Table 1. Chemical Formulae of the Polyelectrolytes Used in
the Present Work and Monomer Unit Molar Masses Used to
Describe Them; Schematic Representation of the PEDOT-
PSS Complex
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substances PEDOT and PSS was deposited n times. Because both
positive and negative species were simultaneously present in the
unique mixture used for the ﬁlm buildup, we named this step-by-step
method the 2-in-1 method. Following this nomenclature, the entire
deposited system, including the precursor one, was designated as
(bPEI-al-PSS)2 (PEDOT-cx-PSS)n, n referring to the deposition
number. We intentionally avoid calling n the “layer number”, because
n does not necessarily describe the deposition of a complete
monolayer of matter.
(bPEI-al-PSS)2 (bPEI-cx-PSS)n System. Mixtures of bPEI complexed
by PSS were obtained by adding ultrasonicated bPEI aqueous
solutions of desired concentrations to known NaPSS masses diluted
in smallest water volumes. After adjusting to the appropriate volume,
the mixtures were thoroughly shaken. The concentrations in monomer
of each polymer were in the range 10−2−10−3 mol/L in the ﬁnal
solution of adjusted bPEI to PSS molar ratio in monomer unit (the
molar ratios are calculated from the mass concentration of each
polyelectrolyte divided by the mass of corresponding monomer unit as
given in Table 1). Care had to be taken during the preparation of
theses mixtures, as we observed that reversing the order of mixing
hindered the subsequent ﬁlm buildup. To obtain a ﬁlm of a given
composition, one such mixture was spread over the entire surface of a
(bPEI-al-PSS)2 covered substrate and spin-coated in the same manner
as for the precursor layers. This was repeated n times. Following our
nomenclature, the entire deposited system, including the precursor
one, was thus designated as (bPEI-al-PSS)2 (bPEI-cx-PSS)n.
(bPEI-al-PSS)2 (PDADMA-cx-PSS)n and (bPEI-al-PSS)2 (PAH-cx-
PSS)n System. Mixtures containing PDADMA (respectively, PAH)
complexed by PSS were prepared by mixing together PDADMA
(respectively, PAH) and PSS aqueous solutions at a desired
concentration (concentrations in monomer of each polymer in the
range 10−3−10−4 mol/L). The (bPEI-al-PSS)2 (PDADMA-cx-PSS)n
(respectively, (bPEI-al-PSS)2 (PAH-cx-PSS)n) systems were then
obtained analogously to the (bPEI-al-PSS)2 (bPEI-cx-PSS)n systems.
Preparation of Films Followed by Quartz Crystal Micro-
balance (QCM). Prior to use, Au-covered quartz crystals and QCM-
E4 apparatus (Q-Sense) were rinsed successively with water,
Hellmanex 2%, water, 0.1 mol/L aqueous HCl, and water, and ﬁnally
dried with compressed air.
(bPEI-al-PSS)2 (PEDOT-cx-PSS)1 System. During the experiment,
the quartz crystal was ﬁrst put into contact with water during 3 min.
Then, the (bPEI-al-PSS)2 precursor layers were adsorbed on the
crystal. Therefore, 0.6 mL of one polyelectrolyte at a ﬂow rate of 1
mL/min was ﬂown over the crystal and then left at rest for 5 min.
Afterward, the sample was rinsed with 0.6 mL Milli-Q water at a ﬂow
rate of 1 mL/min, then left at rest for another 5 min. These durations
were suﬃcient to reach constant values for the frequency changes and
hence constant amounts of the deposited polyelectrolytes. The same
procedure was repeated to reach the whole (bPEI-al-PSS)2 precursor
layers. The attempts to deposit a 0.25 wt % PEDOT-PSS dispersion
(obtained as explained earlier) onto these precursor layers are
described in the Results and Discussion section.
(PEI-cx-PSS)1 and (PDADMA-cx-PSS)1 Systems. After contact with
water during 3 min, the clean quartz crystal was put into contact with
the PEI-cx-PSS or PDADMA-cx-PSS liquid systems prepared as
described above.
Ellipsometry. Null ellipsometric measurements were performed
using the Multiskop (Optrel GBR, Berlin, Germany), operating at 532
nm at a 70° angle of incidence, with a beam spot of 0.6 mm.
Measurements were made at six diﬀerent spots on each sample, the
data being acquired by the Optrel software Multi. The data were
treated with the Optrel software Elli. The model used to calculate the
thickness t and the real refractive index N of the studied
polyelectrolyte system was composed of four parallel layers: a silicon
layer with a refractive index of N = 4.1501 (real) and k = 0
(imaginary), a silicon oxide layer with N = 1.4607 and k = 0 and a
thickness determined for each new sample, the studied polyelectrolyte
system layer, and ﬁnally an air layer with N = 1.0000 and k = 0.
UV−vis−NIR Spectroscopy. UV−vis−NIR absorption of the
samples was investigated using Lambda 750 (Perkin-Elmer, Shelton,
USA) or Evolution 220 (Thermo Scientiﬁc, Madison, USA)
spectrometers. The PEDOT-PSS ﬁlms were deposited on quartz
slides precoated with (PEI-alt-PSS)2 that were taken as reference. The
PDADMA-cx-PSS liquid systems were analyzed in glass cuvettes; the
cuvettes ﬁlled with Millipore water were taken as reference.
Quartz Crystal Microbalance. The QCM-D (Quartz Crystal
Microbalance with dissipation-monitoring) experiments were per-
formed on a QCM-E4 (Q-Sense) apparatus. The fundamental
resonance frequency as well as the third, ﬁfth, and seventh harmonics
(respectively, near 5, 15, 25, and 35 MHz) of the gold-coated quartz
supporting the multilayer system were acquired at 25 °C, using Q-
sof t401 2.0.1.288 software. As the Sauerbrey relationship48 did not
hold for our viscoelastic deposited ﬁlms, the frequency shifts were
directly used, without further mass calculations: a negative frequency
shift was associated with a mass increase, a positive shift with a mass
decrease. The dissipation factor Di, which is a qualitative measure of
the viscoelasticity of the ﬁlm, was calculated by the Q-sof t401 software:
the higher Di was, the more viscous the ﬁlm.
Atomic Force Microscopy. Tapping-mode AFM images in air
were acquired on Multimode Scanning Probe Microscopes Nanoscope
III and IV (Digital Instruments Veeco Technology group, Plainview,
USA) to study the morphology, rms (root-mean-square) roughness Rq
and thickness of the constructed ﬁlms. Nanoworld Arrow-NC silicon
probes (radius of curvature <10 nm) were used for imaging the
samples. Imaging was done at a ﬁxed scan rate of 1 Hz (4 Hz for PEI-
PSS samples) with a resolution of 512 × 512 pixels. The obtained
images were processed with both Nanoscope 6.13r1 (Digital Instru-
ments, Veeco) and WSxM 3.0 (Nanotec Electronica S.L.) software.49
The rms roughness Rq was calculated by the Nanoscope software from
height images (1 μm × 1 μm) after prior automatic planeﬁt and
manual third-order ﬂattening treatment to remove any tilt and bow
artifacts. To measure the thickness of the deposited ﬁlms, the samples
were deliberately scratched with plastic micropipet tips and the
thickness was obtained with the section tool of the Nanoscope
software. Each thickness value is the result of 5 height measurements
along the scratch.
Dynamic Light Scattering. DLS (dynamic light scattering) of
backscattered light was measured at 25 °C using Vasco particle size
analyzer (Cordouan Technologies, Pessac, France) operating with a
laser at 657 nm. For each solution containing complexes to be tested,
three samples were taken, and at least ﬁve measurements were made
on each sample, the scattered light intensity ﬂuctuation data being
acquired by Cordouan Technologies NanoQ software. From these
data, the Brownian diﬀusion coeﬃcient was calculated by the software,
using a Pade-́Laplace inversion algorithm. The mean hydrodynamic
diameters by the number of polymer complexes and complex
aggregates dispersed or solubilized in water were obtained via the
Stokes−Einstein law. For these calculations, a refractive index of 1.33
and a dynamic viscosity of 0.894 mPa.s were taken for the water
solvent, and a real refractive index of 1.590 was taken for the polymer
particles.
■ RESULTS AND DISCUSSION
Nanometric PEDOT-PSS Films Obtained by the 2-in-1
Method. PEDOT-PSS is a complex between PEDOT (Table
1), an oligomer of 6 to 18 structural units50 and PSS (Table 1),
a strong polyelectrolyte (pKa = 1)
47 of 100 to 1000 structural
units, depending on the molar mass.51 Part of PEDOT’s
structural unit in the PEDOT-PSS is positively charged because
of an electron loss during the synthesis of PEDOT by EDOT
oxidation.51 PSS is a negatively charged polymer in aqueous
solution, as the great majority of its sulfonic acid groups are
deprotonated in sulfonates SO3
− at all pH values. The
interaction between PEDOT and PSS in the PEDOT-PSS
complex is thus electrostatic (Table 1). In the PEDOT-PSS
complex, many PEDOT oligomers bind to the long chain of
PSS.50 The commercial aqueous suspension is composed of
PEDOT-PSS chains (∼5%) swollen by water (∼95%) forming
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gel particles (diameter of about 40 nm),50 suspended in water.
The monomeric ratio of PEDOT to PSS of the commercial
aqueous suspension used was 0.8.52 As the negative charges of
PSS are in excess with respect to the positive charges of
PEDOT, the PEDOT-PSS complex is globally negatively
charged. The nonagglomeration of the PEDOT-PSS gel
particles comes from the electrostatic repulsion between the
excess sulfonates pointing out of each of these particles.
Besides, deposited PEDOT-PSS gel particles show a core richer
in PEDOT than the outer shell, the latter being enriched in
PSS.53,54
Our work starts with the successful buildup of PEDOT-PSS
ﬁlms by successively depositing PEDOT-PSS on itself using a
spin-coater. Figure 1 (upper curve) shows the evolution of the
thickness, determined by ellipsometry, of a (PEDOT-cx-PSS)n
ﬁlm built on Si/SiO2/(bPEI-al-PSS)2 as a function of the
number of deposition steps n. The ﬁlm thickness increases
steadily with the increase of the deposition number.
Furthermore, the growth becomes perfectly linear after an
initial transient regime of approximately ﬁve deposition steps
(linear regression coeﬃcient of 0.9996 calculated on the linear
part of the curve). The ﬁlm growth rate in the linear regime is
equal to 2 nm/deposition. Exactly the same linear buildup, with
the same growth rate, was also observed with one layer of bPEI
as a precursor layer instead of (bPEI-al-PSS)2 (data not
shown). After the initial transient regime, the growth process is
independent of the substrate. It should, however, be noted that
at least one bPEI precursor layer is necessary for the ﬁlm
buildup on the silicon wafer, as shown by the failure of
PEDOT-PSS deposition on the bare substrate. Moreover, after
one year storage under ambient conditions, the ﬁlm thickness
remained unchanged proving the stability of the ﬁlm.
The product of the ﬁlm thickness and refractive index,
directly proportional to the deposited mass, follows the same
behavior as the thickness versus the deposition number (Figure
1 lower curve). After the initial transient regime, the deposited
mass increases linearly as the deposition number increases.
Complementarily, Figure 2 illustrates how the UV−vis−NIR
spectrum, measured between 190 and 1000 nm, of a spin-
coated (PEDOT-cx-PSS)n ﬁlm built on precoated (bPEI-al-
PSS)2 quartz substrate evolves with successive deposition steps.
PEDOT’s polaronic (peak around 840 nm) and bipolaronic
(band extending until the short wavelength infrared)
absorptions30 as well as peaks at 192 and 224 nm characteristic
of styrene sulfonate increase with the deposition number n.
More precisely, the absorbances, characteristic of both PEDOT
and PSS, increase linearly (linear regression coeﬃcient 0.9939
at 192 nm, 0.9867 at 224 nm, and 0.9952 at 910 nm) after an
initial transient regime of approximately ﬁve deposition steps
(insets in Figure 2). This conﬁrms the linear increase of the
mass of deposited PEDOT and PSS.
Let us now describe the surface morphology of spin-coated
PEDOT-PSS ﬁlms obtained with the 2-in-1 method. Figure 3a
gives the 3D-height AFM image of a Si/SiO2/(bPEI-al-PSS)2
Figure 1. Film thickness (ﬁlled diamond-shaped symbols) and product
of the ﬁlm refractive index and thickness (empty diamond-shaped
symbols), obtained by ellipsometry, of a spin-coated (PEDOT-cx-
PSS)n ﬁlm built on a Si/SiO2/(bPEI-al-PSS)2 wafer, as a function of
the deposition number n. Note that the curves serve only as a guide for
the eye.
Figure 2. UV−vis−NIR absorbance spectrum (a) from 190 to 300 nm and (b) from 300 to 1000 nm, of a spin-coated (PEDOT-cx-PSS)n ﬁlm, built
on a (bPEI-al-PSS)2 precoated quartz substrate, at diﬀerent number of deposition n. Insets: evolution of the ﬁlm absorbance (a) at 192 and 224 nm
and (b) at 910 nm, plotted versus the deposition number n.
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(PEDOT-cx-PSS)50 ﬁlm obtained by AFM in tapping mode.
The granular structure observed is identical to the one obtained
by several authors after a unique deposition of PEDOT-PSS
with or without thermal annealing.55−59 (PEDOT-cx-PSS)n
ﬁlms are very smooth with a nanometric rms roughness of
0.8 nm. Moreover, these structure and roughness values remain
constant all along the buildup from n = 5 to 50 (data not
shown). The tuning of the ﬁlm thickness keeping the roughness
constant is valuable, since very smooth PEDOT-PSS ﬁlms are
needed in photovoltaic or OLED applications.45,59,60
Another way to look at the surface morphology of 2-in-1
PEDOT-cx-PSS ﬁlms on another scale is given by Figure 3b,c,
mapping a deliberate scratch made on the ﬁlm. The section
extracted from this mapping depicts as well the very small
roughness of the 2-in-1 ﬁlm. The scratch clearly emerges from a
very smooth ﬁlm which can be seen on both of its sides
(obviously, abstraction has to be made of the clear piling up on
both sides of the scratch, due to accumulation there of the
matter extracted from the scratch). Additionally, the ﬁlm
thickness obtained from this section is 130 ± 20 nm. This result
agrees, within the experimental errors, with the value of 112 ±
16 nm obtained for the same ﬁlm by ellipsometry.
A careful analysis of the AFM images reveals that the ﬁlms
appear as composed of ﬂat particles (1−3 nm in thickness) and
of lateral dimension of the order of 41 ± 9 nm (see SI part I).
This seems to indicate that the ﬁlms form by sintering of the
PEDOT-PSS gel-like particles initially present in solution, the
sintering being due to the interdiﬀusion of the PEDOT-PSS
chains.
To further investigate the 2-in-1 method applied to PEDOT-
PSS, the inﬂuence of diﬀerent parameters on the construction
was studied. First of all, the results obtained by dipping-and-
drying deposition of PEDOT-PSS were strictly analogous to
the ones obtained by spin-coating: it is thus not the centrifuge
force exerted during the spin-coating deposition that can
explain the successful 2-in-1 PEDOT-PSS buildup (see SI part
II-A). By contrast, attempts to make successive depositions of
PEDOT-PSS within the QCM-apparatus failed. After a ﬁrst
PEDOT-PSS deposition, the construction nearly stopped (see
SI part III): only a slight mass increase was observed, which was
attributed to the completion of the PEDOT-PSS monolayer.
What is missing in the QCM-apparatus deposition process with
respect to the successful dipping-and-drying process is the
drying step. It seems therefore reasonable to state that the
drying step allows a restructuring of the upper part of the
multilayer ﬁlm that renders the surface more compatible for an
additional deposition of PEDOT-PSS particles. Indeed,
reversible structural changes have been observed after drying.61
PEDOT-PSS is known for being hygroscopic due to the
hydrophilic property of PSS.61−64
In a further experiment (Figure 4), each spin-coating
deposition of the PEDOT-PSS suspension was followed by
spin-coating pure water in the same conditions. This rinsing
step seems to hinder the ﬁlm construction. The thickness of the
ﬁlm stabilizes at 20 nm after the ﬁrst 10 deposition steps
followed by 3 nm of thickness increase at each PEDOT-PSS
deposition immediately lost at the rinsing step. During the ﬁrst
10 deposition steps, the surface is probably covered with a
monolayer of strongly attached PEDOT-PSS gel particles. The
ﬁnal thickness of 20 nm is reached when the coverage of the
surface is total. This is supported by the fact that the diameter
of the PEDOT-PSS gel particles is about 40 ± 10 nm (as
measured by dynamic light scattering). The diﬀerence between
both dimensions could come from the squashing of gel particles
due to the adsorption on the underlying Si/SiO2/(bPEI-al-
PSS)2 layers. Similar ﬂattening of block copolymer micelles
upon adsorption was reported in the literature.65−67 After the
monolayer formation when PEDOT-PSS is further deposited,
Figure 3. Tapping-mode AFM images of a spin-coated (PEDOT-cx-
PSS)50 ﬁlm built on a precoated Si/SiO2/(bPEI-al-PSS)2 wafer: (a)
3D-height of a 1 μm × 1 μm surface of the ﬁlm, (b) 3D-height of a 9.6
μm × 9.6 μm surface, and (c) the ﬁrst-order ﬂattened section of the
height-image parallel to the z-axis of the scratched ﬁlm.
Figure 4. Film thickness, measured by ellipsometry, of a spin-coated
(PEDOT-cx-PSS)x ﬁlm built on a precoated Si/SiO2/(bPEI-al-PSS)2
wafer as a function of deposition number n. The ﬁlm was built by
alternating spin-coating of PEDOT-PSS solutions (ﬁlled squares) and
of water rinsing solution (empty squares). Note that the curve serves
only as a guide for the eye.
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matter attaches very loosely. During the rinsing step, the loosely
adsorbed, water-soluble68 PEDOT-PSS moves back into the
aqueous solution. The next deposition and rinsing steps occur
exactly in the same manner, and therefore, no ﬁlm construction
can take place over the monolayer. In related experiments, the
solubility of 2-in-1 PEDOT-PSS ﬁlms was veriﬁed by
immersion of the ﬁlms in pure Millipore water for one hour.
After this immersion, the ﬁlm thicknesses were reduced to
more than 90% of their initial value and the blue color
characteristic of the ﬁlms totally disappeared.
To conclude this ﬁrst part of the paper, the 2-in-1 method
applied to PEDOT-PSS is able to provide ﬁlms of tailored
nanothickness (2 nm per deposition step) with the same
surface morphology55−59 and at least the same low rough-
ness57,59 as the thicker ﬁlms obtained after a unique deposition.
Until now, nanoﬁlms of PEDOT-PSS were obtained by the lbl
method by alternating the negative PEDOT-PSS with a
positively charged polyelectrolyte or with positively charged
particles.21−34 Our work demonstrates that the sole PEDOT-
PSS can be successfully deposited in nanometrically controlled
thickness, without the need of charge alternation, thanks to the
zwitterionic nature of PEDOT-PSS. The properties of PEDOT-
PSS ﬁlms, obtained by the 2-in-1 method, i.e., conductivity,
transparency, stability, and low cost, are not, in essence,
changed by the adjunction of a second species, as there is no
second species. Although analogous multilayered PEDOT-PSS
ﬁlms were already obtained by a few teams, no systematic study
of the layer-by-layer buildup was done. Only in rare cases, linear
quasi step-by-step buildup was followed in a range of higher
thicknesses (from 60 to 1450 nm per deposition step).39,41,44 In
the other studies, the linear growth was brought up or
supposed.40,42,43,45 Last but not least, to our knowledge, the
question never arose of the possibility for such a deposition of
PEDOT-PSS on PEDOT-PSS.
This result must be striking and proves that the lbl method
has to be reconsidered in terms of charge alternation. It seems
that this charge alternation is not necessary if local zwitterionic
charge distributions are available. It becomes obvious that the
PEDOT-PSS case should not be an isolated case. And indeed,
we now generalize the 2-in-1 method by using other
polyelectrolyte complexes.
Generalization of the 2-in-1 Method on Diﬀerent
Polyelectrolyte Complexes. Until the present work, ﬁlms
based on polyelectrolyte complexes were obtained by the
traditional lbl method, i.e., by alternate deposition of the
polyelectrolyte complex solution and another solution contain-
ing oppositely charged polyelectrolytes or polyelectrolyte
complexes.10−20 Contrary to the traditional lbl method, the 2-
in-1 method of deposition is based on successive depositions of
the same solution containing the polyelectrolyte complexes and
complex-aggregates.
We followed the buildup of diﬀerent polyelectrolyte
complexes ﬁlms, on (PEI-al-PSS)2 precursor layers, by the 2-
in-1 method using a spin-coater. Complexes aqueous solution
of bPEI-PSS, PDADMA-PSS, and PAH-PSS were, respectively,
prepared at a molar polycation to polyanion ratio in monomer
of 50, 0.24, and 2 (the molar ratios are calculated from the mass
concentration of each polyelectrolyte divided by the mass of
corresponding monomer unit as given in Table 1). In Figure 5,
the buildup of bPEI-cx-PSS, PDADMA-cx-PSS, and PAH-cx-
PSS ﬁlms was monitored by ellipsometry. The polyelectrolytes
of these systems were chosen for their diversity in type (strong
or weak), in molecular mass (chain length), and in shape
(linear or branched). They also belong to the most studied
polyelectrolytes in the lbl community. In our experiments, these
polyelectrolytes were used in aqueous medium without ionic
strength or pH adjustments. All the polyelectrolyte systems
show linear growth of ﬁlm thickness with an increase of the
deposition number after an initial transient regime (linear
regression coeﬃcient of 0.997, 0.999, and 0.998, respectively,
for bPEI-cx-PSS, PDADMA-cx-PSS, and PAH-cx-PSS). Further
experiments on bPEI-PSS and PDADMA-PSS complex
solutions showed a similar ﬁlm buildup without a precursor
layer on the wafer substrate; this was not observed for the
PEDOT-cx-PSS previously.
Morphology of bPEI-cx-PSS, PDADMA-cx-PSS, and PAH-
cx-PSS ﬁlms was monitored by AFM in tapping mode (Figure
6). In all cases, the ﬁlm covers the entire substrate. The ﬁlms
seem granular, but depending on the polyelectrolyte complexes
used, the size of the grains is diﬀerent. The rms roughness is
Figure 5. Thickness, measured by ellipsometry, as a function of the
deposition number n of (a) (bPEI-cx-PSS)n ﬁlm built with bPEI-PSS
complex aqueous solution at a molar bPEI/PSS ratio of 50 in
monomer, (b) (PDADMA-cx-PSS)n ﬁlm built with PDADMA-PSS at
a molar PDADMA/PSS ratio of 0.24 and (c) (PAH-cx-PSS) ﬁlm built
with PAH-PSS at a molar PAH/PSS ratio of 2. The ﬁlms were built
applying the 2-in-1 method by spin-coating on precoated Si/SiO2/
(bPEI-al-PSS)2 wafer substrates.
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extending from ca. 10 nm for PDADMA-cx-PSS and PAH-cx-
PSS ﬁlms to less 0.5 nm for the bPEI-cx-PSS ﬁlms.
Interestingly, these surface morphologies diﬀer from the ones
obtained for traditional alternate ﬁlms of the same composition
(see SI part IV). So, using the 2-in-1 method, diﬀerent
nanotextures can be tailored from diﬀerent complexes, which is
valuable, since some applications like sensors need high
exchange surfaces, while others prefer lower ones.
As for the PEDOT-PSS case, when carefully analyzing the
diﬀerent AFM images, it appears that the ﬁlms are composed of
small particles or particle aggregates that are more or less
interpenetrated (see SI part I). The lateral size of these particles
or particle aggregates correlates fairly well with the mean size of
the particles measured by dynamic light scattering in solution
(Table 2).
In the case of bPEI-cx-PSS, the thickness of the particles is on
the order of 1−2 nm, whereas for PDADMA-cx-PSS and PAH-
cx-PSS, it is on the order of 10−30 nm. The diﬀerence in
thickness between bPEI-cx-PSS and the two other systems may
be due to the fact that PEI is a branched polyelectrolyte so that
the complexes it forms with PSS are much less dense than those
between a linear polycation and a linear polyanion. The same
argument may also explain the diﬀerence in morphology
between the bPEI-cx-PSS ﬁlm whose roughness is small (0.5
nm for a ﬁlm of 150 nm thickness) compared to that of the two
other systems (ca. 7 nm for ﬁlms of 50 nm thickness). Indeed,
the fact that bPEI is branched does not allow for a tight
interaction between bPEI and PSS so that the ﬁlm should
behave more or less like a liquid. This is further supported by
the softness experienced during tapping-mode AFM analysis
(see self-healing behavior of the scratches like in Figure 6b and
hardly avoidable indentation during scanning like in SI part
I.B). This somewhat liquid behavior is then similar to what was
observed for the PEDOT-PSS case. On the contrary, for linear
polyanions and polycations, where the interactions are strong,
as is expected for PSS-PAH and to a smaller extent for
Figure 6. Tapping-mode AFM 3D-height images (1 μm × 1 μm) and the respective section of the height-image after scratching of spin-coated (a)
(bPEI-cx-PSS)50 ﬁlm built with bPEI-PSS complexes aqueous solution at a molar bPEI/PSS ratio of 50 in monomer, (c) (PDADMA-cx-PSS)50 ﬁlm
built with PDADMA-PSS at a PDADMA/PSS molar ratio of 0.24 and (e) (PAH-cx-PSS)50 ﬁlm built with PAH-PSS at a PAH/PSS molar ratio of 2.
The ﬁlms were built applying the 2-in-1 method by spin-coating on precoated Si/SiO2/(bPEI-al-PSS)2 wafer substrates.
Table 2. Mean Size of Particle and Particle Aggregate of Polycation-PSS Complexa
polycation-PSS complex
liquid: particle mean size
(nm) (*)
ﬁlm: lateral particle mean size
(nm) (**)
liquid: particle aggregate mean
size (nm) (*)
ﬁlm: lateral particle aggregate mean
size (nm) (**)
bPEI-PSS (bPEI/PSS = 50) 31 ± 4 40 ± 9 - -
PDADMA-PSS (PDADMA/
PSS = 0.24)
230 ± 60 270 ± 50 1000 ± 400 800 ± 400
PAH-PSS (PAH/PSS = 2) 160 ± 40 90 ± 20 600 ± 200 240 ± 80
a(*) In the liquid solution or suspension, measured by DLS; (**) in the ﬁlm built on precoated Si/SiO2/(PEI-alt-PSS)2 wafer substrate, measured
by tapping mode AFM. The polycation/PSS ratios given between brackets are the molar polycation to PSS monomer ratios. Size uncertainties are
expressed as standard deviations (calculated over 15 values in the liquid samples and over 10 values in the ﬁlm samples).
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PDADMA-PSS, the mobility of the polyelectrolytes should be
more reduced and the small particles composing the ﬁlms
should behave more or less like small solid particles.
To gain deeper insight in the 2-in-1 method, the inﬂuence of
diﬀerent parameters was studied. First, the polycation/
polyanion molar monomer unit ratio (designated as polycat-
ion/polyanion ratio) introduced in the liquid was varied for the
PDADMA/PSS and bPEI/PSS systems. Figure 7a summarizes
the ﬁlm growth rate (in nm/deposition number) of PDADMA-
cx-PSS ﬁlms obtained at diﬀerent initial polycation/polyanion
ratio. The growth rate was calculated in the linear growth
regime (a growth rate equaling zero meaning that the ﬁlm
could not be constructed). The bell-shaped curve obtained
indicates that the PDADMA/PSS ratio has a great inﬂuence on
the ﬁlm construction, with a maximum growth rate of 0.9 nm/
deposition number obtained at PDADMA/PSS ratio of about
0.2. For smaller or higher ratios, the growth rate is diminished,
and the ﬁlm no longer builds for ratio over approximately 10.
A similar inﬂuence of the bPEI/PSS ratio was found on the
bPEI-cx-PSS ﬁlm growth rate (Figure 7b). For overly small
bPEI/PSS ratios (from 0.010 to 10), the ﬁlm hardly builds up at
all. At higher ratio between 10 and 100, a linear buildup is
obtained with an increase of growth rate with the bPEI/PSS
ratio (with a maximum growth rate of 2.6 nm/deposition
number). If the bPEI/PSS ratio exceeds 100, no regular but
rather an abrupt buildup is observed: the ﬁlm thickness jumps
to a high thickness of approximately 180 nm within less than 10
deposition steps and then stagnates or even diminishes. At a
ratio of 540, no ﬁlm buildup is observed at all. For a linear and
controllable 2-in-1 bPEI-cx-PSS ﬁlm construction, it is thus
advisible to maintain the bPEI/PSS ratio between 10 and 100.
To better understand the origin of the polycation/polyanion
ratio inﬂuence on the 2-in-1 ﬁlm buildup, we quantiﬁed the
turbidity of the PDADMA/PSS liquid used for the diﬀerent
buildups. The turbidity allows measurement of the presence of
nonsoluble complexes, which belong to a new phase and thus
diﬀuse incoming light. Figure 7a also plots the turbidity of the
spin-coated liquid, measured by UV−vis spectrophotometric at
500 nm (a wavelength where neither PDADMA nor PSS
absorb) as a function of the PDADMA/PSS ratio. The
absorbance curve coincides within experimental error with
the growth rate curve (Figure 7a), indicating a strong
correlation between the structure of the liquid used for the
ﬁlm construction and the structure of the ﬁlm itself. Hence, the
presence of insoluble PDADMA-cx-PSS complexes in the
deposited solution allows ﬁlm buildup by spin-coating using the
2-in-1 method. In the case of the bPEI-cx-PSS system, the 2-in-
1 method can be applied even if no visually detectable turbidity
is observed for the entire tested ratio domain. Yet, this does not
imply that no polyanion/polycation complexes form in
solution, only that they are of too small size. In the case of
bPEI-cx-PSS, they are on the order of 30 nm as measured by
dynamic light scattering. Consequently, the phase69 or turbidity
diagrams70 that have already been established for many
polyelectrolyte complexes may predict well the possibility of
ﬁlm buildup using the 2-in-1 method. This should accelerate
the development of its use in the sense that, where coacervation
has been detected, the 2-in-1 method might be applied with a
good probability.
The dipping-and-drying process was compared to the spin-
coating process (see SI part II). No bPEI-cx-PSS ﬁlms can be
obtained with the dipping-and-drying process, whereas
PDADMA-cx-PSS ﬁlms are successfully deposited by this
process but with a lower growth rate. Hence, the deposition
process can aﬀect the success of the 2-in-1 method. In our spin-
coating process, the solution is deposited in large excess on the
whole surface of the substrate and spinning is started. The
liquid is then ﬁrst removed by the centrifuge force until the
liquid ﬁlm thickness reaches a critical size, which is on the order
of a few micrometers.71 Once this critical thickness has been
reached, the solution is entirely removed by evaporation of the
solvent (water in our case) due to spinning. We never observed
any ﬁlm breakage during the whole procedure, and we ended
with a dry ﬁlm. When the spin-coating was performed in a
humid atmosphere (closing the spin-coater), the ﬁlm
construction was much slower, indicating the importance of
the drying step. By contrast, in the dipping-and-drying process,
the excess material is ﬁrst removed by drainage. The excess
solution is then removed by a strong nitrogen stream so that
not only the solvent, but also the complexes are evacuated,
leading eventually to smaller ﬁlm thicknesses. Yet, even in this
case drying is absolutely necessary for the ﬁlm to build up. For
both bPEI-cx-PSS and PDADMA-cx-PSS systems, the ﬁlm did
not construct in the QCM apparatus where neither drying nor
spinning take place (see SI part III) conﬁrming the key role of
drying. Intermediate rinsing steps aﬀects the 2-in-1 ﬁlm buildup
(see SI part V). On one hand, the bPEI-cx-PSS ﬁlm builds up
with a loss of construction linearity. On the other hand, the
PDADMA-cx-PSS ﬁlm builds up with a slower growth rate.
Furthermore and contrary to the PEDOT-cx-PSS case, when 2-
in-1 ﬁlms of bPEI-cx-PSS with a bPEI/PSS ratio of 50 or
PDADMA-cx-PSS with a PDADMA/PSS ratio of 0.24 or PAH-
cx-PSS with a PAH/PSS ratio of 2 are totally immersed in pure
Millipore water for one hour, their thickness decreases only in a
limited way (8%, 17%, and 5% thickness reduction, respectively,
for ﬁlms obtained after 50 depositions). This demonstrates the
good stability of these 2-in-1 ﬁlms in water.
Figure 7. (a) Evolution (empty diamond-shaped symbols) of the
PDADMA-cx-PSS ﬁlm growth rate, measured by ellipsometry and
(ﬁlled diamond-shaped symbols) of the PDADMA/PSS liquid
turbidity A, measured at 1 h by UV−vis spectroscopy at 500 nm as
a function of the PDADMA/PSS ratio initially introduced in the
complex liquid. The ﬁlms were built applying the 2-in-1 method by
spin-coating on precoated Si/SiO2/(bPEI-al-PSS)2 wafer substrates.
(b) Evolution of bPEI-cx-PSS ﬁlm growth rate, measured by
ellipsometry, as a function of the bPEI/PSS ratio initially introduced
in the liquid. In the shaded region, a hardly reproducible and
nonregular ﬁlm buildup occurs. The ﬁlms were built applying the 2-in-
1 method by spin-coating on precoated Si/SiO2/(bPEI-al-PSS)2 wafer
substrates. Note that the curves serve only as a guide for the eye.
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Knowing the key roles of the polycation/polyanion ratio and
the drying and rinsing steps, we can rationalize the success of
the 2-in-1 method. During the deposition, which occurs under
kinetic control (see, for example, the inﬂuence of the order of
introduction of PEI and PSS in the Experimental Section or
that of the deposition processspin-coating vs dipping-and-
drying), the complexes and the complex aggregates present in
the deposited liquid attach to the substrate by electrostatic
interactions between the surface and the local charges present
in the complexes. During the drying step, through spin-coating
or N2-stream, a reorganization of the deposited polyelectrolytes
occurs that enables further complex or complex aggregate
deposition. Without this reorganization, the ﬁlm cannot build
up. If the exact nature of this reorganization remains unclear,
some phenomena can, however, be hypothesized. The
reorganization could consist of a sole polyelectrolyte chain
reorientation, which would produce a surface charge distribu-
tion more compatible with the next complexes to be deposited.
It could also involve more vigorous global polyelectrolyte chain
movements, permitted by the shear force due to the air
movement and/or by the centrifugal force in the spin-coater,
which here again would render charge compatibility with the
next complexes to be deposited more satisfactory.
■ CONCLUSION
We have introduced a new 2-in-1 method of deposition of
polyelectrolyte ﬁlm consisting of successive depositions of the
same liquid containing the polyelectrolyte complexes and
complex-aggregates. This method allows control of the
thickness at the nanometric scale to obtain thin polyelectrolytes
ﬁlms (<100 nm approx.). By analogy with the traditional
alternate lbl method, parameters like ionic strength72 or pH73
should most probably inﬂuence the 2-in-1 ﬁlm buildup,
enabling, for example, higher growth rates, if needed. Moreover,
the surface morphologies of the 2-in-1 ﬁlms can be diﬀerent
from the ones obtained with the traditional alternate lbl method
for the same polyelectrolyte pair and with the same
composition. It seems to appear that when the particles
composed of polyanion/polycation complex aggregates in
solution are more or less liquid (case of PEDOT-PSS and
bPEI-PSS) the 2-in-1 method leads to smooth ﬁlms. On the
other hand, when these particles are more or less solid (case of
PDADMA-PSS and PAH-PSS), the resulting ﬁlms are much
rougher. Yet, this conclusion needs to be further investigated.
The 2-in-1 method oﬀers new potentialities for the
implementation of lbl ﬁlm. From an industrial point of view,
it simpliﬁes the design of the equipment needed: it only takes a
sole ﬂuid circuit for a sole solution as well as the control of the
deposition parameters, which do not need to be doubled. This
new method is also promising to the numerous PEDOT-PSS
users in the organic electronics domain, as it opens
reproducible nanometric thickness control of very smooth
ﬁlms. Finally and above all, the 2-in-1 method enables the
deposition of a unique complex, which is fundamental if it is the
only species to be deposited and/or if this complex cannot be
separated into its constituents. As so, the method outstrips the
traditional one by avoiding the necessity of alternate deposition
of positively and negatively charged species. This might be
particularly valuable for the deposition of biological complexes
formed by charged subunits, as polyelectrolyte/protein and
polyelectrolyte/DNA complexes. Hence, the 2-in-1 method will
take the advantage of the high amount of knowledge from the
traditional alternate lbl method, but at the same time, it will be
able to go beyond the bonds of tradition.
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